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Understanding surface dynamics during epitaxial film growth is key to growing
high quality materials with controllable properties. X-ray photon correlation spec-
troscopy (XPCS) using coherent x-rays opens new opportunities for in situ observa-
tion of atomic-scale fluctuation dynamics during crystal growth. Here, we present
the first XPCS measurements of 2D island dynamics during homoepitaxial growth
in the layer-by-layer mode. Analysis of the results using two-time correlations re-
veals a new phenomenon – a memory effect in island nucleation sites on successive
crystal layers. Simulations indicate that this persistence in the island arrangements
arises from communication between islands on different layers via adatoms. With
the worldwide advent of new coherent x-ray sources, the XPCS methods pioneered
here will be widely applicable to atomic-scale processes on surfaces.
Nanoscale structures generated by growth processes during phase transitions are ubiqui-
tous in synthesis of advanced materials, and are often central to their outstanding proper-
ties. These include systems as diverse as precipitates and twin textures in high strength and
shape-memory alloys1–3, spatio-temporal patterns in surface reconstructions and nanoparti-
cles driven by catalytic chemistry4,5, and domain patterns in ferroic thin films that generate
high dielectric, conductivity, piezoelectric, and magnetic responses6,7. To understand the
competing fundamental processes that control nucleation and growth of these structures, we
need to observe more than just the average nucleation rate or density, but also the preferred
sites and arrangements. X-ray scattering methods are well suited for directly observing the
formation of such structures in situ during materials synthesis, although traditional meth-
ods with incoherent x-rays typically provide only spatially averaged quantities. The advent
of coherent x-ray methods has opened a new window into phase transition mechanisms, by
revealing the dynamics of the exact nanostructure arrangement and its fluctuations8.
Standard x-ray photon correlation spectroscopy (XPCS) analysis characterizes the time
correlation of fluctuations in equilibrium or steady-state systems. In many cases, the cor-
relations simply decay exponentially, and the wavenumber (Q) dependence of the correla-
tion time provides direct information about the mechanism of the fluctuation dynamics9–12.
In other cases, heterodyne mixing between scattering from different regions produces os-
cillatory correlations, allowing the relative velocities of different structural features to be
determined13.
When the average structure is not constant in time, e.g. during domain nucleation
and growth14–19, coarsening20–23, or structural relaxation24,25, a two-time XPCS analysis
can be applied26. For domain coarsening processes, such analysis has shown that the do-
main arrangement can be remarkably independent of time, with the random pattern es-
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2tablished by the initial nucleation process simply amplified or diminished at different Q by
coarsening20,22,27,28. Nucleation of magnetic domains during field cycling has been shown to
exhibit a memory effect14,16–19, with strong correlations between the domain arrangements
occurring on each cycle of the field.
Here we explore the spatio-temporal correlations of two-dimensional (2D) nanostructures
produced in a different class of phase transition - crystal growth from the vapor. During
crystal growth in the layer-by-layer growth mode, deposited atoms diffuse on the surface
to nucleate islands of single monolayer (ML) height, which grow and coalesce to form a
complete layer29,30. This process of 2D island nucleation and coalescence repeats in a cyclic
fashion to form each layer of the crystal. Current models predict that the arrangement of
islands reflects a competition between nucleation of new islands versus attachment to exist-
ing islands, kinetically controlled by the relative rates of deposition and adatom diffusion,
and affected by the Ehrlich-Schwoebel (ES) barrier for diffusion over step edges31. To inves-
tigate these fundamental phenomena, we have chosen to study metal-organic vapor phase
epitaxy (MOVPE) of GaN on its (1 0 1 0) m-plane surface, a growth orientation of interest
for advanced solid-state lighting and high power electronics32. Previous in situ x-ray scat-
tering studies with incoherent x-rays33 have characterized the layer-by-layer growth mode
in this system, and mapped the average island spacing and shape. Using XPCS, we have
discovered that the island arrangements on each layer can be highly correlated, persisting
over several monolayers of growth. To understand the cause of this persistence, we have
performed kinetic Monte Carlo (KMC) simulations of the growth process. These show a
similar persistence in the island arrangements between layers, indicating that the effect is
not due to nucleation at fixed defects as in magnetic domain systems19, but is instead due
to communication from layer to layer via the adatom density distribution.
XPCS MEASUREMENTS
Because of the low scattering cross section of 2D islands, developing XPCS methods to
study their dynamics presents significant challenges. To date, XPCS studies of atomic-
height surface features have been performed only on strongly scattering systems such as
Au with relatively large (∼1 µm) in-plane structures9,34. The higher x-ray energy (E ≈ 25
keV) required for in situ studies, to penetrate the environment and to avoid interaction
of the x-ray beam with the growth process, creates an additional challenge since both the
coherent x-ray flux available from the source and the solid angle required to resolve speckle
at the detector scale as E−2. To increase the transversely coherent flux available from
the source, we removed the monochromator and accepted the full pink beam bandwidth
(∆E/E = 1.3×10−2) of the third harmonic of the undulator spectrum. While this relatively
large bandwidth decreases the Q resolution in the radial direction, it can be adequate for
near-specular XPCS measurements from surface features, since the speckle are extended
in the surface normal direction (Supplementary Fig. 4). A special x-ray optical setup was
developed to optimize the coherence lengths and remove unwanted harmonics from the
undulator spectrum (Fig. 1(a) and Supplementary Section 1). We also developed correlation
analysis techniques optimized for low signals.
Another major challenge in performing an in situ XPCS study of growth is to maintain
position and angular stability of the sample at high temperature so that the incident beam
illuminates the same area during the growth process. We developed a special chamber and
instrument for coherent x-ray studies during in situ growth by MOVPE35, and verified that
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FIG. 1. Experimental schematic and diffuse scattering from islands. a, The evolving
arrangement of atomic-height islands during metal-organic vapor phase epitaxy (MOVPE) on the
GaN (1 0 1 0) m-plane surface is recorded as a function of time in the speckle pattern produced by
a partially coherent x-ray beam prepared by a special optical setup (Supplementary Section 1).
b, Scattering patterns recorded near the QY = 1.09 A˚
−1 position along the specular direction are
projected onto the QX -QZ surface plane in reciprocal space, so that features can be directly related
to the surface morphology. (White lines near QZ = 0.008 and QX = −0.001 A˚−1 are artifacts from
the missing pixels between the detector quadrants.) In the typical images shown, diffuse scattering
at QZ ≈ 0.025 A˚−1 arises from 2D islands with spacings of ∼ 25 nm, while crystal truncation rods
(CTRs) at low QZ arise from ∼ 10 µm facets having ∼ 100 nm atomic terraces (Supplementary
Fig. 1 and Section 2). Speckle in the diffuse scattering allows analysis of the spatio-temporal
correlations in the island arrangement. c, Intensity integrated between QX = ±3× 10−4 A˚−1 as a
function of time during growth of 4.5 monolayers (1 ML = 0.276 nm) in the layer-by-layer mode at
796 K. Times of growth start and end are indicated. During growth, the CTR intensity oscillates
with time, with minima and maxima at half- and full-integer-ML amounts of growth, respectively,
owing to destructive interference between scattering by each successive layer at this QY . The
diffuse scattering intensity oscillates out of phase with the CTRs, with maxima at half-integer ML
when island density is largest, and minima at full-integer ML when islands have coalesced to form
a new layer.
4it had the required stability (Supplementary Fig. 5 and Section 3).
During homoepitaxial growth of GaN on the (1 0 1 0) m-plane surface, the islands that
form are elongated perpendicular to the [0 0 0 1] direction because of step edge energy
anisotropy33,36. This concentrates the diffuse scattering into the QZ direction (Fig. 1(b)).
We monitored the speckle pattern in the diffuse scattering from islands near the specular
rod (H 0H 0) at H = 0.48, close to but just off the anti-Bragg position because of the resid-
ual harmonic contamination at H = 0.5. The intensity of the diffuse scattering from the
islands oscillates out of phase with the crystal truncation rod (CTR) intensity (Fig. 1(c)),
as expected for layer-by-layer growth33. A slow growth rate of ∼ 1.3× 10−3 ML/s was used
to increase signal collection time, and temperatures studied were chosen to span across the
layer-by-layer growth regime33.
Because the system is not at steady-state during layer-by-layer growth and the average
intensity is oscillating with time, we analyzed the speckle pattern sequence using a two-time
correlation function for wavevector Q and times t1 and t2,
C(t1, t2) =
〈
∆I(Q, t1)∆I(Q, t2)
I(Q, t1)I(Q, t2)
〉
Q
, (1)
where ∆I(Q, ti) ≡ I(Q, ti)− I(Q, ti) is the deviation of the intensity in the speckle pattern
from the mean intensity I that would be measured under incoherent conditions where the
speckles are not resolved. For analysis of our experimental results, where the mean intensity
I varies with time, we obtain I(Q, t) by smoothing I(Q, t) over a range of neighboring
detector pixels, and we obtain the ensemble average 〈 〉 by averaging over a range of Q having
similar time correlations (Supplementary Table 1 and Section 3). This form of the two-time
correlation function gives values which are analogous to the contrast of a distribution, since
the diagonal elements with t1 = t2 are equal to the observed variance divided by the square of
the mean. The measured speckle contrast values are in good agreement with those expected
from the properties of the x-ray illumination and the detector (Supplementary Figs. 2, 3).
Values of C greater than, equal to, or less than zero correspond to island arrangements
which are correlated, uncorrelated, and anti-correlated, respectively.
To characterize the 2D island arrangements, we extract two-time correlations in the dif-
fuse scattering (Fig. 2(a)). The “checkerboard” pattern evident in the two-time correlations
during growth reveals a surprising result – even though the island arrangement is determined
by a statistical nucleation process to form each atomic layer of the crystal, the arrangement
is correlated across several successive layers, indicating a memory effect in the nucleation lo-
cations. This is similar to the return point memory effect found in magnetic thin films14,16–19,
in which the same pattern of domains can form again after being erased during field cycling.
These changing correlations are clearly produced by the growth process, since the two-time
correlations for the periods before and after growth indicate that the island arrangement
remains fixed.
KMC SIMULATIONS
As a comparison to the XPCS experiments, we carried out simulations of layer-by-layer
growth on an m-plane GaN surface and calculated the two-time correlations in the simu-
lated diffuse scattering. Because the simulations are free of crystal defects, this allows us
to investigate whether persistence in the island arrangement is intrinsic to the layer-by-
layer growth process, or is instead produced by preferred nucleation at fixed defects (as is
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FIG. 2. Oscillating correlations. a, Two-time correlations in the measured speckle from 2D
islands before, during, and after growth at 796 K. The time axes have been converted to growth
amount using the observed growth rate (Supplementary Table 2). White lines indicate the start
and end of growth. The “checkerboard” pattern indicates that the arrangement of islands formed in
successive layers is correlated with that in previous layers. b, Two-time correlations in the simulated
speckle from 2D islands during growth, which also show correlations between island arrangements
in successive layers. c, Points: measured and simulated correlations averaged over equal time
differences, showing oscillatory behavior with a period of 1 ML. Curves: fits to equation (3).
found for magnetic domains19,37). The KMC model used has been found to reproduce the
phenomenology of MOVPE growth on m-plane GaN36. While the simulation is necessarily
carried out on a smaller system than the experiments, the temperature and growth rate in
the simulation were chosen to give a similar number of islands per terrace (∼ 5) as in the
experiments (Supplementary Section 4). Figure 2(b) shows the simulated two-time correla-
tions. (For the simulations, the mean intensity I in equation (1) is calculated by averaging
over 16 random initial conditions, rather than by smoothing in Q.) These show a strong
checkerboard pattern from persistence of the island arrangement from layer to layer, even
in the absence of crystal defects. To understand the meaning of the statistical analysis, it is
helpful to examine images of the 2D islands and steps from the simulations after different
amounts of growth (Fig. 3). One can see that the island arrangement at 2.5 ML has many
features in common with that at 1.5 ML. For example, the yellow regions on the right half
of the 2.5 ML image are similar to the blue regions on the right half of the 1.5 ML image.
ISLAND ARRANGEMENT PERSISTENCE
To quantify the island arrangement persistence, we define the quantity P by averaging
the two-time correlation over lines running parallel with the main diagonal, representing
equal time differences ∆t perpendicular to the diagonal,
P (∆t) =
〈C(t, t+ ∆t)〉t
〈C(t, t+ δ))〉t
. (2)
6Layer
0 1 2 3 4 5
1 ML 1.5 ML
2 ML 2.5 ML
FIG. 3. Correlations of island positions. Kinetic Monte Carlo simulations of surface island
and step arrangements after 1.0, 1.5, 2.0, and 2.5 ML of layer-by-layer growth on m-plane GaN,
for one of the 16 random initial conditions used. Colors indicate the surface height, and positions
x or z are specified in terms of the number of a or c lattice parameters in the [1 2 1 0] or [0 0 0 1]
directions, respectively. The vicinal surface has an initial step spacing producing terraces half the
z width of the simulation. Monolayer-height islands nucleate and coalesce on the terraces to form
each layer during growth, and their arrangement is correlated from layer to layer.
The numerator is equal to the standard intensity autocorrelation function g2−138. We have
normalized P to the value at the minimum non-zero ∆t ≡ δ, leaving out the point at ∆t = 0
because it contains self-correlated shot noise (Supplementary Section 3). Both the measured
and simulated P values exhibit decaying oscillations (Figs. 2(c) and (d)), with peaks near
integer ML positions, indicating a tendency for the island arrangement at any time to repeat
after one or more integer monolayers for growth. In order to extract the main features from
this behavior, we have fit P (∆t) to the empirical form
P (∆t) = P0 + A0 exp(−∆t/τ0)
+ A∗ exp(−∆t/τ ∗) cos(2pi(∆t+ ∆t0)), (3)
where the 2nd and 3rd terms represent average and oscillating components that decay with
time constants τ0 and τ
∗, respectively. For display, we have converted the time differences
∆t and corresponding fit parameters to ML of growth. This empirical form adequately
captures the decay of the oscillations of P (∆t) in the measurements, and in the simulations
beginning at the first 0.2 ML of growth.
Similar oscillating g2 functions have been observed recently in grazing-incidence small-
angle x-ray scattering from surface roughness during sputter deposition of amorphous films13.
In that study, the oscillations arise from heterodyne interference between scattering from
the surface and from defects in the bulk of the film, and the period of the heterodyne
oscillations is inversely related to the product of the wavevector and the velocity vector of
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FIG. 4. Persistence times of island arrangements. Decay constant τ∗ of the oscillatory
part of the correlation functions shown in Fig. 2 as function of growth temperature. Measured
correlations persist for about 2 ML of growth up to 850 K, in agreement with the simulation.
the advancing surface. In our case, the heterodyne period would be H−1 ≈ 2.08 ML per
oscillation at our relatively high wavenumber of H ≈ 0.48 r.l.u. We instead see a period
of 1 ML per oscillation, equal to the period of the island nucleation and coalescence during
layer-by-layer growth. Thus we are observing homodyne oscillations arising from correlations
between island arrangements on subsequent layers, rather than heterodyne effects from the
surface velocity.
We performed the same two-time analysis for eight experimental datasets obtained at
growth temperatures T spanning the range across the layer-by-layer growth regime, at fixed
growth rate (Supplementary Figs. 6, 7 and Table 2). The decay constant τ ∗ of the oscillatory
part of P (∆t) shows a systematic dependence on T (Fig. 4), with a value of about 2 ML
at lower T , decreasing at higher T as the transition to step-flow growth at T ≈ 930 K is
approached. The value of τ ∗ obtained from the simulations agrees reasonably well with the
experiments, although correspondence between the simulation and experimental tempera-
tures is uncertain (Supplementary Section 4).
Based on the physics underlying island nucleation, we propose the following mechanism
for the observed island arrangement persistence in layer-by-layer growth. As one layer
completes, nucleation events for 2D islands in the next layer preferentially occur in regions
of high adatom density. The adatom density distribution is affected by the location of
island and step edges in the almost-complete layer. Analysis of step-flow growth indicates
that adatom distributions above a step edge depend upon the magnitude of the ES barrier31,
and the same phenomenon will affect adatom distributions on top of existing islands during
layer-by-layer growth. When the ES barrier is low, the island edges act as sinks for adatoms,
so the maximum adatom density will be in the center of the islands (Fig. 5). This will favor
nucleation of islands in the next layer to occur near the nucleation locations of the previous
layer, leading to persistent island arrangements. If the ES barrier has a medium value, the
edges are less effective sinks, the adatom density and nucleation locations are more uniform,
and the persistence will be lower. A high ES barrier will inhibit island coalescence, changing
the growth mode from layer-by-layer to 3D. Thus island arrangement persistence revealed
by XPCS provides a sensitive new probe of interlayer transport during crystal growth.
In summary, we have performed the first XPCS measurements of 2D island dynamics
during layer by layer growth. The experiments demonstrate that the full bandwidth of an
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FIG. 5. Mechanism for island arrangement persistence. Schematic atomic-scale cross sec-
tions during layer-by-layer growth, showing dilute adatom density (pink) on tops of existing 2D
islands just before they coalesce (blue), for systems with low and medium Ehrlich-Schwoebel (ES)
barriers. For low ES barriers, the island edges act as a sink for adatoms, so their density (and thus
the nucleation rate of islands in the next layer) is maximum in the center of islands. For medium
ES barriers, adatom densities are more uniform, leading to more random nucleation locations.
High ES barriers (not shown) produce 3D growth.
undulator harmonic can be used for XPCS studies of atomic-scale surface dynamics, making
it possible to obtain sufficient signal to measure two-time correlations in the diffuse scat-
tering from monolayer-height islands. The observed correlations show a new phenomenon,
persistent 2D island arrangements during layer-by-layer growth. The phenomenon is also
observed in kinetic Monte Carlo simulations of layer-by layer growth, indicating that it arises
by communication of the arrangement of islands in the underlying layer to those in the newly
forming layer via the adatom density distribution. The XPCS results provide new ways to
test models of crystal growth and to understand the atomic scale phenomena that allow us
to control and optimize materials synthesis processes. For example, atomic step patterns on
substrate surfaces can directly control the domain patterns in deposited epitaxial layers39,40.
The two-time correlations discussed here are but one of many higher-order correlation
functions that can be explored by coherent x-ray methods8,41, providing a richer view of
the atomic-scale processes that give rise to ordered nanostructures. The penetrating nature
of high energy x-rays will allow these studies in native operating environments critical to
applications. The methods developed here for the model GaN MOVPE growth system open
the way for studies of surface dynamics in many other areas, such as growth of bulk crystals
or quasi-two-dimensional materials in reactive sputtering or pulsed laser deposition, or from
the liquid phase. The greatly enhanced coherence of x-ray beams soon to be provided by
new and upgraded hard x-ray sources42 will produce speckle in the scattering from every
system, enabling XPCS studies across broad areas of physics.
METHODS
The experiments were carried out at beamline 12ID-D at the Advanced Photon Source
(APS), using a goniometer and MOVPE system specifically developed for coherent x-ray
9studies35. An intense “pink beam” with appropriate coherence characteristics was prepared
using a setup similar to that described previously43, with the addition of a harmonic rejection
mirror pair (Supplementary Section 1). The beam incident on the sample had a typical
intensity of 1.4×1012 photons per second at E = 25.75 keV, in a spot size of 4×16 µm with
transverse coherence lengths of 1.2×2.7 µm in the vertical and horizontal, respectively. X-ray
speckle patterns were recorded using a photon counting area detector with a GaAs sensor
having 512 × 512 pixels, 55 µm pixel size, located 2.39 m from the sample (Amsterdam
Scientific Instruments LynX 1800). Data were corrected for the measured flat-field response
of the detector. Dynamics were recorded with a sequence of 10 s integrations, subsequently
binned by 3 in time.
MOVPE growth of GaN on the m-plane surface was carried out using procedures and
substrates described previously33. Substrate temperatures were calibrated to within ±5 K35.
Growth was started or stopped by injecting or venting a supply of the Ga precursor triethyl-
gallium (TEGa), with a large oversupply of the N precursor (NH3) constantly supplied.
Growth runs were performed at eight different temperatures using the same TEGa flow
(4.0 × 10−3 µmole/min). The same substrate was used for all growths; it was annealed for
300 s at T = 1120 K between growths to recover the same initial surface condition with
minimal islands. To account for thermal expansion of the heater, the position of the sample
was realigned between growths, so slightly different regions of the surface were investigated
at each temperature. Growth rates were extracted from the oscillation periods of the diffuse
and CTR scattering. They varied by about 10% from growth to growth around a mean of
1.25 × 10−3 ML/s (Supplementary Table 2). The growth rate was constant during a given
growth, apart from a ∼ 5% lower growth rate for the first ML.
Calculated two-time correlations in the scattering from islands were derived from KMC
simulations on the m-plane surface of a three-dimensional HCP lattice36. The dynamics
of deposition and diffusion on a stepped surface were simulated using a variable time step
method as implemented in the Stochastic Parallel PARticle Kinetic Simulator (SPPARKS)
computer code44 (Supplementary Section 4).
Raw x-ray data were generated at the Advanced Photon Source large-scale facility. De-
rived data and simulations supporting the findings of this study are available from the
corresponding author upon request.
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